The anemia-induced switch from hemo. In eukaryotes, the molecular mechanisms involved in gene activation and in the subsequent production of specific cell proteins are largely unknown. To study gene activation in mammals, a cell population is needed that can be stimulated to transcribe the messenger RNA for a particular protein in response to a defined stimulus. We have studied the erythropoietin-dependent synthesis of hemoglobin C (HbC) in goat (and sheep) bone-marrow cultures for this purpose. Erythropoietin, a glycoprotein hormone, appears to stimulate precursor blood cells in the bone marrow to differentiate into cells that produce hemoglobin (1-3). The type of hemoglobin produced by these cells is determined by the genetic makeup of the animal and by its stage of development. For example, sheep and goats homozygous for hemoglobin A (HbA) pass through a series of developmental stages during which they produce HbF (a2Y2), then HbC (aZ2c), andfinally-the adult HbA (aZ82A) (4-9). However, in response to severe anemia, an adult goat making HbA completely switches from the synthesis of HbA to HbC (4). There is a lag of 3 days between the induction of anemia and the detection of Oc globin synthesis in the marrow (10), suggesting that flc globin is produced by a newly stimulated population of precursor cells. As the anemia is relieved, HbA again is synthesized. The switch from MA to tic synthesis can be elicited in normal, nonanemic animals by injection of partially purified erythropoietin preparations (10-13).
A population of proerythroblasts, as well as active heme and globin synthesis, are maintained for at least 3 days in erythropoietin-treated, but not in erythropoietin-deficdent, cultures. These findings demonstrate (i) maintenance of erythropoietin-responsive cells from bone marrow in vitro, and (ii) switching in vitro from the synthesis of a globin chain coded by one gene to that coded by a different, nonallelic gene. Bone-marrow culture might be a useful model system for study of the mechanism of action of erythropoietin and for study of the activation (and inactivation) of specific genes in vitro.
In eukaryotes, the molecular mechanisms involved in gene activation and in the subsequent production of specific cell proteins are largely unknown. To study gene activation in mammals, a cell population is needed that can be stimulated to transcribe the messenger RNA for a particular protein in response to a defined stimulus. We have studied the erythropoietin-dependent synthesis of hemoglobin C (HbC) in goat (and sheep) bone-marrow cultures for this purpose.
Erythropoietin, a glycoprotein hormone, appears to stimulate precursor blood cells in the bone marrow to differentiate into cells that produce hemoglobin (1) (2) (3) . The type of hemoglobin produced by these cells is determined by the genetic makeup of the animal and by its stage of development. For example, sheep and goats homozygous for hemoglobin A (HbA) pass through a series of developmental stages during which they produce HbF (a2Y2), then HbC (aZ2c), andfinally-the adult HbA (aZ82A) (4) (5) (6) (7) (8) (9) . However, in response to severe anemia, an adult goat making HbA completely switches from the synthesis of HbA to HbC (4) . There is a lag of 3 days between the induction of anemia and the detection of Oc globin synthesis in the marrow (10) , suggesting that flc globin is produced by a newly stimulated population of precursor cells. As the anemia is relieved, HbA again is synthesized. The switch from MA to tic synthesis can be elicited in normal, nonanemic animals by injection of partially purified erythropoietin preparations (10) (11) (12) (13) .
We have shown (14) that sheep and goats that are synthesizing HbA have only the mRNA for MA (and a) globin in their erythroid cells, while animals synthesizing HbC have only the mRNA for flc (and a) (15) .
METHODS
Source and Preparation of Cells. Goats used in this study were over 6 months old and had only HbA detectable in their peripheral blood, as determined by thin-layer electrophoresis on cellulose acetate (14) . The animals were anesthesized by intravenous injection of sodium pentobarbital (60 mg/ml, 0.5 ml/kg) and exsanguinated through a femoral artery. The femurs and humeri were removed, their proximal and distal ends were cut off to expose the marrow cavity, and the marrow was extruded by flushing medium (Eagle's minimum essential medium for suspension culture; Microbiological Associates, Bethesda, Md.) through the bones. The cells were separated by being expelled from a 50-ml syringe through a. 20-gauge needle, were washed once with Eagle's medium, and then were resuspended in NCTC-109 medium (Microbiological Assoc.) and disaggregated by expulsion through 'successively smaller-bore syringe needles down to 25-gauge. The concentration of nucleated cells was adjusted to 0.5 to 1 X 101 cells.per ml by the addition of appropriate volumes of a culture medium (16) containing 5 ml of fetal-bovine serum, 2.5 ml of 7.5% NaHCO3, 1 ml of 200 mM iglutamine, 2 ml of penicillinstreptomycin (5000 units of each per ml), 86.7 ml of NCTC-109 medium (all of the preceding components were obtained from Microbiological Assoc.), 0.8 ml of beef-embryo extract (Grand Island Biological Co., Grand Island, N.Y.), 1 ml of a 35% solution of bovine-serum albumin (Sigma Chemical Co.), and 1 ml of 0.2 g/ml of -asparagine (Fisher Scientific Co.) . To this mixture was added a total' of 3.1 ml of heparin (625 units/ml, Calbiochem) and 1.0 ml of citrated bovine plasma (Grand Island Biological Co.) per ml of total suspension. The cell suspension, with or without step-III erythropoietin from sheep plasma (Connaught Medical Research Laboratories, 0.5 unit/ml, 4.7 units/mg), was then added in 1-ml or 5-ml aliquots to each 35 X 10 mm or 60 X 15 mm petri dish (Falcon Plastics), respectively. The concentration of erythropoietin used was about three times the amount that produced a maximum response of 59Fe incorporation into heme. Incubation was at 36-37°at 95% relative humidity in 5% C02-95% air. Labeling was for the final 24 hr of culture Measurement of 59Fe Incorporation into Heme. Heme was separated from globin by treatment of 1 ml of lysate with 0.2 ml of 1 N HCl, 0.5 ml of Drabkin's reagent (Ortho Diagnostics), and 2 ml of methylethyl ketone (Fisher Scientific Co.) (18) . The acidified cyanmethemoglobin was cooled on ice for 15 min, then mixed on a Vortex mixer; 0.5 ml of the hemecontaining layer of methylethyl ketone was removed and counted in a gamma scintillation spectrometer (Packard).
Measurement of 59Fe Incorporation into Hemoglobin. 2 (1978) .VGene Switching in Marrow Cultures 1741 (Fig. 2) . In cultures not treated with erythropoietin, heme synthesis is negligible after the first 24 hr in vitro. The rate of 59Fe incorporation into heme is relatively constant in erythropoietintreated cultures, but declines after about 10 hr in cultures without erythtopoietin (data not shown). Essentially all of the extractable heme is bound to globin as hemoglobin rather than existing in the cell in the free form, since the amount of [59Fe]heme measured in an aliquot of lysate is the same as the amount measured in hemoglobin purified by carboxymethylcellulose chromatography (21) of an equal-sized sample of lysate.
Globin Synthesis in Cultured Cells. Heme-free globin chains were separated by caiboxymethylcellulose chromatography, and the individual globin chains were identified as described (14) . Since the goat 3A, 'a, and Ila chains contain methionine but not isoleucine, while f9c globin contains isoleucine but not methionine (20) , carrier goat globin labeled with either [35S] methionine or [3H ]isoleucine was added to each sample before column chromatography in order to provide internal controls. The data in Fig. 3 show [3Hjleucine incorporation into globin chains incubated in tissue culture, with [35S ]methioninelabeled goat globins added as markers.
When goat globin extracted from erythropoietin-treated cultured cells was chromatographed on carboxymethylcellulose columns, the Oc content increased from 3.1%. after 24 hr to 30.8% after 72 hr, while the OA globin content decreased from 96.9 to 69.2% and the amount of a chains remained relatively constant (Fig. 3 and Table 2 ). In cultures not treated with erythropoietin, the amount of all j3 and a chains produced became minimal by 48-72 hr in vitro. The values listed in Table 2 for gc globin are the total present in the Oc region from Fig. 3 Cellulose acetate electrophoresis of hemolysates has been performed. In erythropoietin-containing cultures, the amount of HbC detected increased severalfold between 24 and 72 hr in culture, while the HbA content often decreased in the same time period; in cultures without erythropoietin present, synthesis of HbC was markedly less than in cultures containing erythropoietin (data not shown). Data are presented in tabular form in Table 2 (17) , and in marrow cultures of rabbits (3, 22) , rats (23, 24) , calves (25) , and humans (26) . In a report The data (from goat no. 570) are presented as the total cpm of ['H]leucine incorporated into globin chain protein from 4 X 107 nucleated cells initially incubated in culture. The total area under each globin peak (or the total counts in the jc region) in Fig. 3 was computed and is presented as the cpm per initial 4 X 107 nucleated cells. r Proc. Nat. Acad. Sci. USA 70 (1973) of studies with neonatal calf marrow in vitro (25) , the authors suggested that an increased concentration of erythropoietin stimulates selective synthesis of HbA over HbF. A switch in sheep marrow from HbA to HbC in cultures maintained for 48 hr has also been reported by Adamson and Stamatoyannopoulos (15) . The fact that there was a significant difference in the amount of HbC between erythropoietin-treated and untreated cultures in only a small percentage of the experiments in the work of Adamson and Stamatoyannopoulos might be explained by the shorter incubation time used by these authors (48 hr) than that used in our study.
It is obvious that the presence of erythropoietin in cell cultures supports hemoglobin synthesis, since in cultures without erythropoietin the synthesis of total globin and heme decreases dramatically after 24 hr in vitro. The appearance of HbC synthesis in erythropoietin-treated cells may not, however, be due to specific hormonal activation of the flc globin genome or of its products, but rather may represent a more general stimulatory effect of the hormone on erythrocyte differentiation. Thus, any stimulus that causes prolonged and rapid hemoglobin synthesis may support an increased elaboration of HbC. Culture conditions that promote erythrocyte differentiation in the absence of HbC synthesis are necessary to rigorously differentiate between these two hypo theses.
Erythropoietin has been ascribed various functions as a regulator of both the entry of erythropoietin-responsive cells into the differentiating pool and the repopulation of a responsive cell compartment (27) . It also probably affects the mitotic index (28) and the rate of hemoglobin synthesis (29) in differentiating cells of the erythrocyte series. How any of these functions would favor the synthesis of OC globin over that of OA globin is unknown. It may be that the pressure for erythrocyte differentiation under anemic stress (i.e., high erythropoietin concentration) is sufficiently strong to stimulate a clone of 3c globin-producing cells. Kabat (30) has suggested a hypothesis that might account for the existence of different types of erythrocyte clones. Alternatively, Garrick et al. (31) have obtained data using immunofluorescent techniques that they interpret as indicating that 1A and #c globins coexist in the same cell during the switch from the synthesis of one globin to the other. If true, this result would imply that the switch occurs by molecular changes in individual cells, not by stimulation of the proliferation of a different clone of cells. Litt and Kabat (32) have demonstrated that the transfer-RNA content of sheep reticulocytes seems to correlate with the aminoacid composition of the sheep hemoglobins being synthesized, and Baldy, Gaskill, and Kabat (33) have demonstrated 13c globin mRNA in sheep reticulocytes synthesizing Oc globin.
Previous studies from this laboratory that have examined the molecular basis of the OA to #c switch have shown that globin mRNA can be isolated from bone-marrow cells and reticulocytes of sheep and goats (14) . This mRNA can be translated faithfully in a cell-free extract prepared from rabbit reticulocytes (34, 35) . mRNA for only A (and a) globin are present in cells synthesizing 1A globin, while only Oc (and a) mRNA are present in cells synthesizing 13c globin. Studies examining the amount and types of mRNA present in cultured marrow cells before and during the switch will be described in a subsequent publication.
